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Interest in the polymerization of 4-vinylpyridine was 
generated by a 1973 communication6 stating that 4-vinylpyridine 
could be spontaneously polymerized to high molecular weight by 
concentrated sulfuric acid in the presence of air. Earlier 
studies had reported that high molecular weight poly(4-vinyl-
pyridine) could be synthesized by free radical initiators in 
deaerated systems1 ,2. 
Of more interest than the high molecular weight was the 
pyridine ring substituent of the repeat unit of the polymer. 
Although the repeat unit of poly(4-vinylpyridine) may be thought 
of as isoelectronic with that of polystyrene, the nitrogen of the 
pyridine ring with nonbonding electrons might be expected to give 
poly(4-vinylpyridine) properties divergent from that of polystyrene 
much as the amino group alters the chemistry of amino acids from 
that of carboxylic acids. 
The nitrogen of the poly(4-vinylpyridine) could be in a 
trivalent state or just as easily assume a quaternary structure 
as a poly(4-vinylpyridinium salt)4 (Fig. 1.) 
(a) (b) 
Fig. 1. structure of Poly(4-vinylpyridine) (a) and 
Poly(4-vinylpyridinium salts) (b). 
2 
These two states might be expected to show quite different solution 
properties, such as solubility and viscosity. The trivalent state 
would be expected to be readily converted to a quaternary form by 
the addition of ionizable species to a solution of the polymer in 
the trivalent state. 
This paper reports the synthesis of poly(4-vinylpyridine) 
by cationic and free radical initiators, concentrated sulfuric 
acid and benzoylperoxide, respectively. The molecular weights 
of the various samples were measured and an evaluation of the 
several methods given. The effects of ionic strength and pH on 




Monomer Purification I The 4-vinylpyridine (4-Vp) was 
distilled immediately before use in all cases. The liquid boiled 
at 1710C at atmospheric pressure giving a clear, light-brown 
1 liquid. As previously reported the monomer darkened to an 
unreactive, red-brown liquid on standing. InfrareJspectra were 
obtained from the red-brown commercial monomer (Fig. 2.) and the 
clear, light-brown distilled monomer (Fig. :3.). No difference 
could be ascertained between the liquids on the basis of their 
spectra which were verified as 4-vinylpyridine from the Aldrich 
Library of IR Spectra--#957G. The broad band at 3400 cm- 1 in 
Fig. 2 and 3 not seen in the Library spectrum is believed to be 
due to the presence of water as an impurity or loosely bound to 
the pyridine nitrogen. 
Cationic Initiationl 25 ml of the distilled monomer 
were added dropwise to 50 ml of concentrated sulfuric acid in 
a three-neck, 500 ml round bottom flask fitted with a condenser, 
monomer inlet and thermometer. No attempt was made to exclude 
air as the reaction vessel was contiouously stirred in an ice-
s Rlt bath initially at -17°C. The temperature rose to 80c during 
the course of the addition which resulted in a final molar ratio 
of lH2S0~ 1~-VP'H2S0J of 2.6. The vessel was then allowed to 
come to room temperature and stand for 8 days (a time deemed to 
be sufficient for the reaction to have proceded nearly to com-
pletion) • 
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By the end of the standing period, the dark liquid had 
become a dark-brown, gel-like material with considerable elasticity. 
This material could not .. easily be torn and was observed to 
reseal any cuts made in it. Only after dissolution in concentrated 
sulfuric acid was the material removed from the flask. 
A portion of t~e sulfuric acid solution was combined with 
an equal volume of water and treated with solid NaHCOJ as sug-
gested in a previous paper6. Near neutrality the polymer precip-
itated and, trapping some of the CO2 bubbles, formed a white foam 
on the surface. This marshmellowy material was filtered, washed 
thoroughly with water and dried in a vacuum. The product had a 
gritty texture like that of an ionic salt and not at all like an 
organic polymer. An IR spectrum of this material (Fig. 4.) had 
a broad band at 1125 cm- 1 characteristic of a carbonate or ionic 
sulfate J • Therefore, this material was dissolved in methanol and 
reprecipitated by ethylacetate addition and dried in a vacuum. 
The final product was a brittle, tan material. The IR spectrum 
of this material was identical with that of Fig. 5. 
A second portion of the acid solution of the polymer was 
partially neutralized (to about pH 4) by addition of strong NaOH 
solution. Urea was then dissolved in this solution and the beaker 
warmed to 700 C to facilitate urea decomposition to ammonia and 
carbon dioxide. The gradual neutralization brought about by 
this method allowed a maximum number of ionic hydrogens, and 
therefore bound salt, to be removed from the polymer. The polymer 
slowly precipitated and rose to the surface forming a solid layer 
which was filtered. Addition of strong sodium hydroxide to the 
7 
remaini~ solution gave no further precipitate indicating that 
the polymer had been completely removed. 
After vigorous washing with water and drying in a vacuum 
at 350 C, the product was a hard, tan solid. Drying at temperatures 
above 400 C led to darker products. An IR spectrum (Fig. 5.) run 
on this final product s~owed no peak at 1125 cm-1 • No differences 
were seen in the spectra of the light and dark products. 
Free Radical Initiationl The samples in Table 1 were 
prepared in glass tubes, bubbled with nitrogen to purge oxygen, 
sealed and placed in a 500 C water bath. 
Sam~le g benzo~l~eroxide ml 4-vin~lBYridine ml benzene 
I 0.6291 25 0 
II 0.1345 25 0 
III 0.6426 25 100 
IV 0.1233 25 200 
Table 1. Free radical polymerization samples. 
Within 2 hours the bulk samples were noticeably more viscous with 
considerable heat being generated. Sample I had hardened to a 
dark, purple solid with a multitude of trapped bubbles. It was 
suspected that sample I had undergone the Trommsdorff Effect5 , 
therefore after 2t hours in the 500 C bath sample II was cooled 
under a running water tap until it had hardened to an orange solid. 
Samples III and IV were removed from the 500 bath after 
3 hours. Sample III was noticeably cloudy while no change could 
be observed in sample IV. After standing one week, a soft, white 
n",.a;,I'Ulf,Dr;.n. \"'IV' 'J 
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solid was easily isolated from s ample III by filtration. This 
solid was washed in benzene and dried at 600 C in a vacuum. 21.55g 
(87.95% yield) of the polymer were isolated. Only after a further 
week of standing could any product be seen in s ample IV. This 
material was not isolated. 
Several grams uf sample III were finely ground and placed 
in a dessicator over P205 for one week. (It is interesting to 
note that when the polymer is finely ground the particles show a 
type of self-repulsion characteristic of like charged particles.) 
An IR spectrum of this material (Fig . 6.) was compared to that of 
the undried material (Fig. 7.). The peak at }400 cm-1 was 
noticeably smaller in the dried product and is therefore attri-
butable to water bound by the polymer. 
Samples I and II were isolated by breaking the glass tubes 
in which they were polymerized. These materia ls were quite hard 
at room temperature but readily soluble in methanol. 
IR spectra were run on all the isolated samples and were 
found to be identical with that of sample III (Fig. 7.). In 
comparison with the monomer (Fig. }.), peaks at 940 and 790 cm- 1 
were absent in the spectra o~he polymer. Furthermore, t oe 
polymer spectra clearly show two types of carbon--hydrogen single 
-1 
bonds distinguishable as a doublet at }OOO cm not seen in the 
monomer . The two types of C-H bonds can be postulated as the 
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Determination of Molecular Weightl Samples II and III from 
the benzoylperoxide initiated preparation and the product of the 
H2S04 initiated preparation which was neutralized by the NaOH/ urea 
method and dried at )5°C, henceforth sample V, were used to prepare 
solutions of the polymer in 92.01 weight percent ethanol. The 
insoluble gel fractions were filtered from the solutions and 
concentrations were determined by evaporating a 10 ml aliquot to 
dryness in a weighed petri dish. The data obtained using a size 
100 dilution viscometer, D 742, in a 25.)oC water bath were 
recorded in Table 2. 
Plots of ~s. concentration (Fig. 8.) and ~ln ~~vs. 
concentration (Fig. 9.) for samples II and III were linear and 
values of t~ were extrapolated from the graphs. The plots of . ~ 
vs. concentration (Fig. 10.) and ~ln~~s. concentration (Fig.ll) 
for sample V were not linear. This deviation from linearity at 
lower concentrations is characteristic of charged polymers and the 
alternative method of plotting the d8ta, ~vs. rc: 7 , to correct for 
this behavior was not successful. Therefore, [~was extrapolated 
from the linear parts of the plots. Molecular weights were calculated 
from the experimental values ofL~and the Mark-Houwink Constants 
2 reported by A.G. Boyes and U.P. strauss for the 92.01 weight 
percent ethanol systeml 
4 0.7) 
[~ = 1.20x10 M • 
The average value of the molecular weight, Mv ' reported in Table 2 
was obtained from the molecular weights calculated from the two 
plots for each sample. 
14 
SamIlle Conc!gbOOmll Time!secl ~~ {lnq..Jl M-.> 
II 2.042 2412 .2 11.229 1.555 9.6xl05 
1.)61 1182.) 7.88) 1.809 
1.021 749.7 6.)05 1.965 
0.681 452.0 5.115 2.20) 
0.510 )44.8 4.746 2.412 
o. 000 IOO.'il 
III 2.071 990.6 4.261 1.101 5.4xI05 
1.)81 57).7 ).)89 1.259 
1.0)6 414.6 ).022 1.)73 
0.690 282.) 2.61) 1.491 
0.518 2)0.0 2.461 1.592 
V 1.998 204.3 0.514 0.)53 7.7x104 
1.))2 167.6 0.498 0.)82 
0.999 149.5 0.484 0.394 
0.666 1)5.6 0.518 0.446 
0.500 129.6 0.570 0.502 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Discussion of Synthesesl Although the cationic polymer-
ization was interesti~ as a chemical method, it was not overly 
useful as a standard laboratory preparation of poly(4-vinyl-
pyridine). The work-up was far too costly in time and material 
and apparently never resulted in a material free of attached 
protons. The moleculaF weight of material prepared in this fashion 
was not significantly large, although this might be improved by 
adding the sulfuric acid dropwise to the 4-vinylpyridine. 
The free radical initiated syntheses were f ar superior 
to the cationic method. These resulted in easily isolable products 
of high molecular weight free from a t tached ions. Solution 
polymerization (sample III) yielded a product in a form which was 
more easily employed in experimental work than the bulk polymer-
izations. Although the bulk polymerizations gave products of 
higher molecular weight than the solution method, the molecular 
weight of the solution prepared materia l was still significantly 
large and could be made eveAlarger by using a smaller concentration 
of initiator. The solution procedure was particularly nice 
because the monomer and initiator were benzene soluble while the 
polymer was not which resulted in a simple separation by filtration 
and high yield. 
20 
EXPERIMENTAL, RESULTS AND DISCUSSION 
Dependence of Viscosity on Ionic strengths A solution of 
1.0068 g of polymer sample III in 100 ml of 50 weight percent 
ethanol was prepared. After the insoluble gel fractions were 
filtered (the exact concentration after filtration was not deter-
mined because precise knowledge of concentration is not necessary 
in this experiment) 20 ml of this solution were pipetted into 
Ostwald viscometer B66 in a 25 .30 C water bath. Solid KCl was 
added to the system in successive additions giving the data in 
Table 3. 
0.00 M KCl 0.01 M KCl 0.10 M KCl 0.50 M KCl 1.0 M KCl 
soln time (sec) 759.4 735.5 716.0 679 .6 656.2 
solv time (sec) 191.9 191.1 185.0 177.6 174.7 
l'\..,--uJl. 3.96 3.86 3.85 3.82 
Table 3. Dependence of relative viscosity on ionic 
strength. 
The same procedure was followed to determine the flow times for 
the solvent reported in Table 3. The values of ~<& in Table 3 
calculated by dividing the flow time of the solution by that of 
the solvent show only a 5% variation over the entire range. 
Therefore, any variation in (~greater than 5% in other studies 
would not be expected to be due to ionic strength, except where 
the polymer bears a charge and ionic strength effects would be 
expected to be greater. 
3.76 
21 
Dependence of Viscosity on pHI 20 ml of the sample III 
polymer solution prepared in the previous section were diluted 
111 with 50 weight percent ethanol. The data in Table 4 were 
obtained using Ostwald viscometer B66 in a water bath regulated 
at 25.30 C. Successive additions of small volumes of 0.1 M HCl 
in 50 weight percent ethanol to 20 ml of the prepar ed solution, 
initially at pH 6.01, were made to obtain pH 5.01 and 3.92 followed 
by successive additions of small volumes of 2.0 M HCl in 50 weight 
percent ethanol to reach pH 3.08. 2.09 and 1.21. 'ro another 20 ml 
portion of the prepared solution, small volumes of 0.1 M KOH in 
50 weight percent ethanol were added to prepare pH 7.68, 9.14 and 
11.52. All pH readings were made on a Fischer Accumet Model 220 
pH meter using the saturated calomel electrode and normal glass 
electrode. The same procedure was employed to obtain data for 
the solvent, i.e. the same volume added to the polymer solution 
was added to the solvent to insure relatively equal ionic strength 
effects. 
Metered pH 1.21 2.09 3.08 3.92 5.10 6.01 7.68 9.14 




Soln time 381.0 947.0 1710.8 1513.9 568.3 423.0 411.0 386.2 362.5 
(sec) 
Solv time 229.9 199.6 197.6 197.2 194.9 192.0 191.9 191.5 194.3 
(sec) 
~J 1.69 4.75 8.66 7.69 2.90 2.20 2.12 2.02 1.86 
Table 4. Data for viscosity as a function of pH. 
22 
The plot of ~~vs. pH (Fig. 12.) shows a very interesting 
peak between pH 2.00 and 5.00 which amounts to a 400% increase in 
viscosity above the pH 6.01 value. The slight decrease in ~.J in 
the region from pH 6.01 to 11.50 can be explained as an ionic 
strength effect, viscosity decreasing gradually with increasing 
ionic strength. In another run, to 20 ml of the polymer solution 
adjusted to pH 3.20 by HCl addition, 0.0751 g of KCl. an amount 
sufficient to make the ionic strength 1.0x10-2 M or the same as 
the hydrogen ion concentration at pH 2.00, resulted in a decrease 
in flow time from 15'84.6 seconds to 579.4 seconds. This experiment 
is sufficient to show that the decrease in viscosity in this region 
below pH 3.00 is also due to ionic strength. (It is reasonable 
that ionic strength should have a much greater effect on the viscosity 
of a charged species, like the protonated polymer.) It should also 
be noted that the ionic strength at pH 3.92 is nearly the same as 
that at pH 9.14, 3.70X10-3 and 3.74x10-3 M, respectively. Therefore, 
it seems reasonable that the huge increase in viscosity in going 
from pH 5.00 to 3.00 is a result of protonation of the polymer 
chain on the nitrogen of the pyridine ring. 
In a related experiment 1.0046 g of polymer sample III in 
50 ml of 50 weight percent ethanol and 0.7456 g KCl (to maintain 
constant ionic strength) were titrated with 2.0 M HCl in 50 weight 
percent ethanol. The titration curve (Fig. 13.) showed that the 
polymer was adding protons between pH 5.00 and 2.00 and that after 
pH 2.00 that addition was essentially complete. It was noted that 
the peak in the viscosity vs. pH plot (Fig. 12.) correlates nicely 




































































































































































































































































































































































































































































































































































































































































































































































































These results support the view that the massive increase in the 
viscosity was related to protonation of the polymer chain. 
The equivalence point was determined from Fig. 1) to be 
).45 ml of 2.0 M HCl and at a pH of 2.74. From the known molarity 
of HCl and the volume added at the equivalence point it can be 
calculated that 0.69x~0-2 moles of hydrogen ions had been added to 
the system, and from the known amount of polymer used and the 
molecular weight of the repeat unit it can be calculated that 
1.00X10- 2 moles of pyridine nitrogens were present. One might 
speculate that the polymer does not protonate on every nitrogen, 
but since it was not known if some of the nitrogens were protonated 
at the start, and the initial pH of 6.01 would sugges< that some 
were, no such conclusion can be drawn without a more thorough 
study. 
Another interesting piece of d8ta, the dissociation 
constant for the polymer, can be determined from the titration 
curve. pKb for the polymer is equal to 14 minus the pH at t the 
equivalence point volume and easily read from Fig. 1) as 9.75. 
Employing the equation, 
pKb+pKa = 14, 
pKa was calculated to be 4.25 for poly(4-vinylpyridine) which can 
be compared to the pKa's of related compounds in Table V. Unfortunately, 





Table 5. pKa's of two pyridine compounds. 
26 
FUTURE STUDIES 
Future investigations with the poly(4-vinylpyridine) system 
might take several paths. The solution polymerization in benzene 
employing benzoylperoxide as an initiator (sample III) provides a 
quick and easy method of preparing sufficient quantities of the 
polymer. Investigations might be made to see if a truly anhydrous 
sample can be prepared. Other studies might investigate how 
tightly the polymer binds water or what structure the polymer and 
water acquire. 
Further, more detailed studies ofAhe effect of ionic 
strength and pH on solutions of poly(4-vinylpyridine) are certainly 
warranted. The effect of ionic strength might be investigated at 
various pH ' s as this paper indicates that ionic strength effects 
a r e more pronounced at low pH than at high pH. Other sorts of 
ions and solvent systems might also be investigated to determine 
their effects. One very intriguing study might employ NMR analysis 
of poly(4-vinylpyridine) solutions as a function of pH. 
Complex formation between the pyridine nitrogen of the 
polymer and other materials, such as metal ions or iodine, might 
be investigated. The nonbonding electrons of the pyridine nitrogen 
would appear to make the polymer an excellent polydentate ligand. 
Investigations of this sort could lead to a study of soluble 
complexes or even gels. One practical outcome of this work might 
be the preparation of new ion exchange resins . 
Another facet of investigation might consider the polymer-
ization of a related compound, 4-pyrio..I.J1tlacrylic acid . If this 
27 
material could be polymerized it would have a ca rbon ba ckbone with 
alternating carboxylic acid and pyridine substituents. A polymer 
with this unusual type of structure is rare in the literature and 
would be expected to have very interesting chemistry, perhaps even 
liquid crystal behavior in solution or zwitterion formation in 
a pure state. A plot of viscosity vs. pH for this material might 
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